Mammalian coronin-1 is preferentially expressed in hematopoietic cells and plays a poorly understood role in the dynamic reorganization of the actin cytoskeleton. Sequence analysis of coronin-1 revealed five WD40 repeats that were predicted to form a b propeller. They are followed by a 130 residue extension and a 30 residue leucine zipper domain that is responsible for multimerization of the protein. Here, we present the crystal structure of murine coronin-1 without the leucine zipper at 1.75 Å resolution. Coronin-1 forms a seven-bladed b propeller composed of the five predicted WD40 repeats and two additional blades that lack any homology to the canonical WD40 motif. The C-terminal extension adopts an extended conformation, packs tightly against the bottom surface of the propeller, and is likely to be required for the structural stability of the propeller. Analysis of charged and conserved surface residues delineate possible binding sites for F-actin on the b propeller.
Introduction
Dynamic reorganization of the actin cytoskeleton is required for many cellular processes that involve movement of membranes or intracellular vesicles. In T lymphocytes, actin remodeling is required for cellular migration in response to chemokines and for the formation of the immunological synapse upon engagement with antigen presenting cells (reviewed in Miletic et al., 2003; Samstag et al., 2003) . In addition to the rapid polymerization and depolymerization of individual actin filaments (F-actin), actin remodeling also entails the assembly and breakdown of individual filaments into a higher-ordered, branched network. These processes are driven by a complex array of signaling pathways and involve a number of actin binding proteins. Central to the control of this network is the Arp2/3 complex, which forms the nucleation point between mother and daughter actin filaments (Millard et al., 2004) . The Arp2/3 complex is composed of seven subunits, including the two actin-related proteins (Arp2 and 3) (Robinson et al., 2001) , that have been proposed to function as a pseudo actin dimer to promote the assembly of a new actin filament. In order to be fully active, the Arp2/3 complex requires several activation steps, including the binding to a nucleationpromoting factor (NPF) and the interaction with the side of the mother filament. One family of NPFs is the WASP (Wiskott-Aldrich syndrome protein) and related WAVE/ SCAR proteins. They activate the Arp2/3 complex via their verprolin-homology/cofilin-homology/acidic (VCA) domain (reviewed in Millard et al., 2004) . Like the Arp2/3 complex, WASP is maintained in an inactive state with its VCA domain trapped in an autoinhibited conformation. Binding of cdc42 GTPase to WASP results in the release of the VCA domain, which ultimately leads to WASP activation (Kim et al., 2000) . In addition to positive signals to control the temporal and spatial activation of Arp2/3 within the cell, negative signals are required. However, while a detailed understanding of the processes that lead to Arp2/3 complex activation has emerged, little is known about factors that mediate the downregulation of the complex.
One class of proteins that are important for the downregulation of the Arp2/3 complex is the coronins (Humphries et al., 2002) . Members of the coronin family are F-actin-associated proteins present throughout the eukaryotic kingdom. Some coronins are involved in the inhibition of the Arp2/3 complex, but their exact role in the remodeling of the actin cytoskeleton and intracellular membrane transport is poorly understood (de Hostos, 1999; Okumura et al., 1998; Rybakin and Clemen, 2005) . While single-celled organisms typically express one coronin, mammals contain seven paralogs. In the slime mold Dictyostelium discoideum, deletion of coronin impairs several actin-related processes, including cytokinesis, cellular migration, and phagocytosis (de Hostos, 1999; de Hostos et al., 1993; Maniak et al., 1995) . S. cerevisiae also express a single coronin gene product, Crn1p (Heil-Chapdelaine et al., 1998) , and while crn1 null mutants display no obvious phenotype, the overexpression of Crn1p disrupts actin organization and is lethal (Goode et al., 1999; Heil-Chapdelaine et al., 1998; Humphries et al., 2002) . Crn1p binds directly to the Arp2/3 complex (Humphries et al., 2002; Rodal et al., 2005) and inhibits its activation by members of the WASP family (Humphries et al., 2002) . Recent electron microscopy data show that the regulation of the Arp2/3 complex involves conformational changes of the complex and suggest that Crn1p traps the inhibited form of the complex (Rodal et al., 2005) .
Mammalian coronin-1 (also known as p57 or TACO [tryptophane aspartate-containing protein]) is preferentially expressed in T lymphocytes and other hematopoietic cells (Ferrari et al., 1999; Nal et al., 2004; Okumura et al., 1998; Suzuki et al., 1995) . While the exact relationship between coronin-1 and the actin cytoskeleton remains unknown, coronin-1 has been implicated in phagocytosis (Ferrari et al., 1999; Yan et al., 2005) , activation of T lymphocytes (Nal et al., 2004) , and integration of extracellular signals to the cytoskeleton (Gatfield et al., 2005) . Similar to Crn1p in S. cerevisiae, coronin-1 associates with the Arp2/3 complex in neutrophils (Machesky et al., 1997) , implying that mammalian coronin-1 has similar roles as S. cerevisiae Crn1p and regulates Arp2/3 complex activity. Recently, it was demonstrated that mammalian coronin-2 (also known as coronin-1B) also binds to the Arp2/3 complex (Cai et al., 2005) .
Based on their primary sequence, coronin proteins can be divided into two classes (Rybakin and Clemen, 2005) . The first class (the ''short'' or conventional coronins) includes mammalian coronin-1, S. cerevisiae Crn1p, and D. discoideum coronin, all of which contain three distinct domains (de Hostos, 1999; Suzuki et al., 1995) . The N-terminal domain of these coronins is composed of five WD40 repeats. These repeats are indicative of the ''blades'' found in b propeller proteins such as the b subunit of G proteins (Lambright et al., 1996; Wall et al., 1995) . The N-terminal segment is followed by a less wellconserved variable or unique region, which differs in both sequence and length among the coronins and is predicted to be flexible and have little or no regular secondary structure. This variable extension connects the N-terminal b propeller with a moderately conserved C-terminal coiled-coil domain. Coronin-1 encodes a coiled-coil domain of the leucine zipper variety, which was recently shown to mediate the formation of homotrimeric complexes (Gatfield et al., 2005) . The second class of coronins (the ''long'' coronins) includes mammalian coronin-7 and C. elegans POD-1; these coronins contain a duplication of the WD40 repeat region, but they lack the C-terminal coiled-coil region (Rybakin and Clemen, 2005) .
Here, we describe the crystal structure of murine coronin-1 without the leucine zipper region at 1.75 Å resolution. The N-terminal domain of coronin-1 forms a seven-bladed b propeller and includes two blades that have no obvious WD40 fingerprint pattern. This domain is followed by a 50 residue C-terminal extension that lacks significant stretches of regular secondary structure, but packs tightly against the bottom face of the propeller. The first 40 residues of the extension are highly conserved and are most likely required for the structural stability of the b propeller domain. The analysis of the molecular surface of coronin-1 suggests regions that may serve as binding sites for F-actin.
Results and Discussion
Structure Determination Coronin-1 was expressed with a baculovirus expression system with a vector encoding for the full-length protein attached to an N-terminal His 6 tag. During purification of recombinant coronin-1, the expressed protein appeared smaller than its predicted molecular weight. In addition, size exclusion chromatography revealed that the protein was monomeric, even though a homodimeric (Oku et al., 2005) or homotrimeric (Gatfield et al., 2005) protein was expected. Consistent with our gel filtration data, a construct spanning only the first 432 residues of coronin-1 was recently shown to be monomeric in solution (Gatfield et al., 2005) ; these authors also demonstrated that the leucine zipper motif is both necessary and sufficient for homotrimerization. N-terminal sequencing confirmed the expected sequence of our coronin-1 sample (data not shown); thus, we concluded that the C-terminal leucine zipper motif was proteolytically cleaved from our sample during expression or purification. However, as neither C-terminal sequencing nor mass spectrometry analysis proved to be successful for determination of the exact C terminus, we can only estimate that w30-50 residues were proteolyzed from the C terminus of fulllength coronin-1.
The C-terminally truncated coronin-1 crystallized in space group P2 1 2 1 2 1 with one molecule per asymmetric unit (Table 1) . These crystals diffracted to 1.75 Å , and the structure was solved by multiwavelength anomalous dispersion (MAD) with data collected from a single selenomethionine-labeled coronin-1 crystal. The structure was refined to an R cryst and R free of 15.8% and 19.2%, respectively; the final model has good stereochemistry, with two residues located in the disallowed regions of the Ramachandran plot (Table 1) . Two regions of coronin-1 are not defined in the electron density maps; these include residues 1-7 and all residues C-terminal of Arg402. However, as we could not accurately determine the C terminus of the crystallized protein construct, it is unclear whether Arg402 represents the true C terminus or if additional residues are present, but disordered, in the crystals. A second crystal form of coronin-1 was identified in space group P2 1 and was solved by molecular replacement with the refined coordinates of the P2 1 2 1 2 1 structure (Table 1 ). In this P2 1 structure, the first and last visible residues in the electron density are Ser9 and Asp394, respectively; both structures are very similar and superimpose with an rmsd of 0.3 Å . As there are no major differences between the two models, all figures and related discussions refer to the P2 1 2 1 2 1 structure.
Overall Structure of Coronin-1
The structural analysis reveals that coronin-1 contains an N-terminal b propeller (residues 8-352) followed by an extended C-terminal segment (residues 353-402) (Figure 1 ). The b propeller includes the predicted WD40 repeats and shares the same topology as the b subunit of G proteins (Lambright et al., 1996; Wall et al., 1995) , the prototype of WD40-containing b propellers. The blades within the propeller are arranged in a circular fashion around a central axis and are numbered 1-7; most blades contain a four-stranded antiparallel b sheet. These four strands are designated strands A-D, with the strand closest to the central axis called strand A and strand D forming the edge of the propeller. By convention, each ''WD repeat'' begins with strand D of the preceding blade before forming strands A, B, and C, which are part of the next blade ( Figure 2A ). Thus, strand C forms the last b strand of the repeat and contains the sequence motif ''WD'' at its C terminus. Because of the circular arrangement of the blades, the N-terminal strand of coronin-1 forms strand D of the C-terminal blade, thus closing the propeller and stabilizing the overall structure ( Figure 1 ). Like all b propellers, coronin-1 has a ''top'' face, which is formed by the loops connecting strand B with C and the loops connecting strand D of one blade with strand A of the following blade. The bottom face is formed by the AB and CD loops (Figure 1 ). The ''top'' face of the coronin-1 propeller is solvent exposed, while the ''bottom'' packs against the C-terminal extension of the protein. The C-terminal extension spans residues 353-402 of coronin-1 (Figures 1 and 2 ). This segment adopts a mostly extended conformation and spans the entire bottom surface of the propeller to form a short helix (residues 376-380) before crossing back over the funnel in the center of the barrel. In total, 2900 A 2 of solventexposed surface is buried at the interface between the extension and the propeller, as calculated with AREAIMOL (CCP4, 1994).
Coronin-1 Contains ''Hidden'' Blades
Like other b propeller structures, WD40 propellers are built from a modular unit that is repeated in tandem to form individual blades that radiate pseudosymmetrically from a central axis (Jawad and Paoli, 2002) . Each WD40 repeat is comprised of 40-60 residues. The signature of this repeat includes the sequence Gly-His (GH) in the DA loop, a Ser or Thr in strand B, an Asp in the BC loop, and the sequence Trp-Asp (WD) at the end of the C strand ( Figure 3A ). These residues form the so-called ''structural tetrad'' and engage in a side chain-mediated hydrogen bonding pattern to stabilize the fold. In addition, a number of hydrophobic amino acids are conserved and contribute to the structural stability of the fold via van der Waals interactions between adjacent blades. The greatest sequence variability is observed in loop regions and the outermost D strand (Yu et al., 2000) .
Typically, WD40 repeats occur as 4-8 consecutive copies, although as many as 16 repeats have been reported (Li and Roberts, 2001; Yu et al., 2000) . However, almost all WD40 b propeller structures deposited in the Protein Data Bank (Berman et al., 2000) contain seven blades per propeller, with the notable exceptions of Cdc4 (Orlicky et al., 2003) and Sif2p , which adopt eight-bladed structures. In addition to the WD40 type of repeat, over 20 other types of repeats are known to form b propeller structures with 4-8 ''blades'' (Jawad and Paoli, 2002) .
Coronin proteins can be divided into two classes based upon the length of the WD40 repeat region and the presence or absence of a coiled-coil domain (Rybakin and Clemen, 2005) . Most coronin proteins, including coronin-1, contain five recognizable WD40 repeats (de Hostos, 1999; Suzuki et al., 1995) , and it was predicted that these proteins adopt a novel five-bladed WD40 structure (de Hostos, 1999) . However, many b propeller structures, such as Bub3p (Larsen and Harrison, 2004; Wilson et al., 2005) and Ski8p (Cheng et al., 2004; Madrona and Wilson, 2004) , contain blades with little or no obvious sequence homology to the canonical WD40 repeat, and the total number of blades was underestimated before the crystal structures of these proteins became available. Taking these observations into account, a recent, more extensive analysis of the coronin-1 sequence suggested that the five WD40 repeats of coronin-1 are flanked by b strands, and it was proposed that coronin-1 contains a seven-bladed b propeller (Gatfield et al., 2005) . Our structure confirms this hypothesis and shows coronin-1 as a seven-bladed propeller. Blades 2-6 correspond to the five predicted WD40 repeats (Suzuki et al., 1995) , and blades 1 and 7 display no obvious sequence homology to the canonical WD40 motif (Yu et al., 2000) .
However, even when not considering blades 1 and 7, coronin-1 displays only moderate conservation of the 
where R free represents 5% of the data selected randomly. f Most favorable, allowed, generously allowed, and disallowed, as defined with PROCHECK (Laskowski et al., 1993) .
canonical WD40 repeat ( Figure 3A) , as the ''structural tetrad'' is only strongly conserved in blades 2 and 3 (Figure 3) . Nevertheless, blades 2-6 are structurally similar to each other and superimpose with rmsds of 0.6-1.0 Å over 25 equivalent a carbons. Blades 1 and 7 of coronin-1 are very atypical in both sequence and structure. For example, blades 1 and 7 encode a Leu-Pro and IleAla, respectively, in the position occupied by the WD motif ( Figure 3A) . In blade 1, residues 73-78, which normally form strand D, loop above the plane of the sheet and engage only a single b-type interaction between Val77 and Phe59 of the preceding strand. Furthermore, this long loop reaches back to blade 7, adding a short parallel b strand with 7D 2 . Blade 7 also displays atypical structural features ( Figure 3B ). The D strand is broken into two sections (designated as 7D 1 and 7D 2 ) by a 6 residue insertion that contains a single helical turn (residues 21-23). The B and C strands are longer than the typical 5-6 residue WD40-type b strand and extend the C strand two residues past the WD position. Consistent with the lack of any WD fingerprint pattern in blades 1 and 7, these blades show weaker structural similarity to the canonical blade 3 and superimpose with rmsds of 1.3 and 1.9 for 25 Ca positions. Thus, coronin-1 is a b propeller with five WD40-type repeats and two repeats that are atypical in both sequence and structure.
The C-Terminal Extension Is Important for the Stability of the Propeller Domain Coronin-1 contains two large regions that are conserved among members of the ''short'' class of coronins. These are the first 392 residues as well as the C-terminal coiledcoil domain (de Hostos, 1999; Suzuki et al., 1995) . These two domains are separated by a unique region, which varies in both sequence and length among coronin proteins. A sequence alignment of murine coronin-1 to -6 and seven nonmammalian homologs, including homologs from D. discoideum, S. cerevisiae, C. elegans, and D. melangaster ( Figure S1 ; see the Supplemental Data available with this article online), reveals that in addition to the b propeller domain (residues 8-352), coronins have two stretches of highly conserved amino acids within the C-terminal extension (Figure 2A ). These include residues 353-367 and 372-387 (Figures 2 and 4A) . Two aromatic amino acids, Tyr364 and Trp379, which are located in these regions, stand out structurally. They insert their side chains into hydrophobic pockets on opposite sides on the bottom surface of the b propeller ( Figure 4A ) and thus pin the extension onto the b propeller. Both amino acids are highly conserved, and Try364 is invariant among 13 coronin homologs and Trp379 substituted against a homologous phenylalanine only in coronin from C. elegans ( Figure S1 ); both residues pack against highly conserved residues within the b propeller domain (Figures 2 and 4) . In particular, Tyr364 contacts residues from the long AB loop of blade 7 and forms hydrogen bonds to the main chain carbonyl oxygen atoms of residues 329 and 333. On the opposite site of the bottom face of the b propeller, residues from blades 3 and 4 form a deep cavity that is occupied by the side chain of Trp379. In addition to a number of hydrophobic residues that form interactions with Trp379, the residues forming this cavity include an invariant glycine residue at position 188 (Figures 2A and 4B ; Figure S1 ). This glycine residue forms a hydrogen bond between its carbonyl oxygen and N 32 of Trp379 and lies in a region of Ramachandran space that is energetically unfavorable for nonglycine residues.
In light of the large amount of buried surface, we were interested in the degree of shape complementarity between the propeller domain and the C-terminal extension. The S c value calculated by using the program SC is 0.69, indicating a strong degree of shape complementarity based on an absolute scale of 1.0 (CCP4, 1994; Lawrence and Colman, 1993) . In addition to residues that contribute to interdomain associations, the C-terminal extension contains highly conserved regions that appear to mediate its structural stability. Residues 353-362 form a loop that arches between the propeller and Tyr364 ( Figure 4D ). Residues within this loop form a complex network of hydrogen bonds and ion pairs, involving the main chain of Leu358 and the side chains of Arg354, Ser356, Gln360, Asp362, and Lys10. With the exception of Leu358, the remaining five residues, all of which contribute side chain-mediated interactions, are invariant among coronin homologs ( Figure S1 ) and are likely important in maintaining the structural stability of the extension.
The high degree of sequence conservation of residues that mediate the interactions between the b propeller and the C-terminal extension, the large amount of buried surface area between the propeller and the extension, and the high degree of surface complementarity are corroborating previous reports of serious aggregation of coronin-1 truncation mutants that lack residues 361-422 of the extension (Gatfield et al., 2005) . Therefore, the smallest stable folding entity of coronin-1 does not only include residues 1-352, which form the b propeller, but also requires residues 353-392, which are part of the C-terminal extension.
We also examined the sequence conservation among coronin-1; the other ''short'' coronins; and two ''long'' coronins, murine coronin-7 and C. elegans POD-1 (Figure S2) . Both of these proteins contain duplications of not only the entire WD repeat region, but also of the Cterminal extension, emphasizing the importance of the extension for all members of the coronin family. For example, the residues equivalent to Tyr364 and Trp379 of coronin-1 are conserved as aromatic residues in the ''long'' coronins in both segments that follow the putative N-and C-terminal propeller domains. Coronin-7 and POD-1 also contain stretches that correspond to ''hidden'' blades 1 and 7 of coronin-1 and that lack any WD40 fingerprint pattern. In summary, the sequence alignment strongly suggests that coronin-7 and POD-1 are comprised of two seven-bladed b propellers, which are stabilized by a C-terminal extension in the same manner as murine coronin-1.
Potential Protein Binding Sites on the Surface of Coronin-1
Coronin-1 interacts with F-actin (Oku et al., 2003; Suzuki et al., 1995) and the Arp2/3 complex (Machesky et al., 1997) . Using truncation experiments, Arp2/3 binding was mapped to the C-terminal coiled-coil region of Crn1p in S. cerivisiae; the N-terminal w600 residues, including the WD repeats, were not required for Arp2/3 binding (Humphries et al., 2002) . In addition, recent electron microscopy studies on Crn1p and the Arp2/3 complex suggest that the coiled-coil domain of Crn1p binds near the p35 subunit, one of the seven proteins that constitute the complex, and show that globular density, presumably representing the b propeller of Crn1p, appears approximately 20 Å away from the Arp2/3 complex (Rodal et al., 2005) . In these studies, the distance between the proteins was attributed to the long unique region of Crn1p, which separates the WD40 and coiled-coil domains. Corroborating these results, our C-terminally truncated murine coronin-1 did not form a complex with bovine Arp2/3 (data not shown), indicating that, as shown previously, the coiled-coil domain of coronin-1 is responsible for complex formation with Arp2/3.
While the experiments investigating the interaction between Arp2/3 and coronin indicate that the C-terminal region of coronins is required for this association, it remains unclear which domains of coronin-1 are responsible for F-actin binding. In some truncation experiments, F-actin binding activity was mapped to the b propeller domains of mammalian coronin-1 (Oku et al., 2003) and S. cerevisiae Crn1p (Goode et al., 1999) . For these experiments, Oku et al. (2003) expressed the N-terminal 371 residues of coronin-1 and showed that this construct could bind F-actin, while a construct spanning residues 372-461 of the C terminus did not. Similarly, Goode et al. (1999) showed that a construct composed of the N-terminal 400 residues of Crn1p is able to bind and assemble actin filaments, while a construct that only includes the unique and the coiled-coil regions of Crn1p did not bind to F-actin. In contrast, other deletion experiments indicate that a stretch of positively charged residues within the nonconserved part of the extension is required for binding to actin (Gatfield et al., 2005) . In their studies, Gatfield et al. (2005) showed that coronin-1 that lacks only residues 400-416 did not associate with the cytoskeleton. In light of the crystal structure presented here, some of the truncation experiments should be reevaluated, as coronin-1 fragments that lack the Nterminal or C-terminal ''hidden blades'' or the C-terminal extension may be too small to form complete functional domains when used in binding experiments.
F-actin binding is a defining property of coronins. Therefore, the interaction between F-actin and coronin-1 most likely involves surface areas with a high degree of sequence conservation, making it less probable that the unique, nonconserved regions of coronins are responsible for actin binding. The b propeller of coronin-1 is relatively well-conserved among the coronins, and WD40-containing b propellers are well-known to mediate protein:protein interactions in a number of very diverse biological systems (Li and Roberts, 2001; Yu et al., 2000) . In most cases, they employ their ''top'' face to form protein:protein complexes. Examples with structural information include Arp2/3 (Robinson et al., 2001) , b-TrCP1/Skp1/b-catenin (Wu et al., 2003) , and Skp1/Cdc4 (Orlicky et al., 2003) . It is also known that actin binding proteins often contain positively charged residues that are required to form favorable electrostatic interactions with acidic regions on F-actin (Amann et al., 1998; Tang and Janmey, 1996) .
To identify possible F-actin binding sites on the b propeller of coronin-1, we used our sequence alignment of 13 ''short'' coronin members ( Figure S1 ) and the program ConSurf (Glaser et al., 2003) to map the relative conservation of each amino acid on the molecular surface the structure. In addition, we analyzed the electrostatic potential of the molecular coronin-1 surface by using the program GRASP (Nicholls et al., 1991) . This analysis reveals one highly conserved patch on the ''top'' face of the propeller formed by residues from blades 6, 7, and 1 ( Figure 5A ) and a second conserved patch toward the ''bottom'' face of the propeller formed by residues from blades 6 and 7 and a portion of the Cterminal extension ( Figure 5B ). Both patches also contain a number of basic residues and consequently are positively charged ( Figure 5 ). Thus, both patches represent possible binding sites for F-actin, and additional experiments will be required to determine if one of these patches, or both of them, are necessary and sufficient for F-actin binding. Coronin-1 also contains a remarkably acidic patch on one side of the propeller formed by residues from blades 2-4 ( Figure 5B ). This face is on the opposite side of the positively charged patch, but it is not conserved among coronin homologs; therefore, it could be important for activities that are specific to coronin-1, rather than a general property of all coronin proteins.
In summary, the N-terminal 352 residues of murine coronin-1 form a seven-bladed b propeller that is similar in topology to many WD40-type propellers. However, the propeller of coronin-1 contains ''hidden'' repeats that fail to match the canonical WD40 fingerprint described for Gb, further emphasizing the challenge in predicting the total number of blades in some propeller structures. Unlike most b propellers, which by themselves are stable domains, coronin-1 requires an unusual C-terminal extension to form a stable structural entity. This observation calls for reinterpretation of some previous truncation studies, which investigate fragments that were too small to form stable proteins. Based on our crystal structure, fragments that include residues 10-400 of coronin-1, (Nicholls et al., 1991) , and surfaces in the right-hand panel are colored according to the level of sequence conservation with ConSurf (Glaser et al., 2003) . The gradient is colored from magenta (variable) to gray (neutral) to green (conserved). or equivalent segments in other coronins (Gatfield et al., 2005; Goode et al., 1999) , should be folding into stable proteins, should adopt the b propeller fold with the C-terminal extension, and should retain the function they have in the context of the full-length protein. All shorter constructs that lack individual blades or the C-terminal extension will most likely misfold and, at best, give ambiguous results that could lead to wrong ideas about how coronin-1 acts in the cellular context. The structure of murine coronin-1 presented here will facilitate the planning of more detailed experiments to investigate binding interactions between the coronins and their binding partners and guide the field toward the creation of functionally active coronin fragments.
Experimental Procedures
Virus Construction Full-length murine coronin-1 with an N-terminal His 6 tag followed by a thrombin cleavage site was subcloned into pVL1392 baculovirus transfer vector (BD Biosciences) by using pET14b/coronin-1 as a template (kindly provided by Niko Fö ger and Andrew Chan, Genentech). PCR was performed with primers engineered to flank coronin-1 with BglII and EcoRI sites at the 5 0 and 3 0 ends, respectively. The PCR product and the vector were digested with these two enzymes, ligated, and transformed into XL-1 Blue-competent cells (Stratagene). To generate recombinant virus, the pVL1392/coronin-1 plasmid was transfected into Sf9 cells according to the manufacturer's protocols (BD Biosciences). Recombinant viral stocks were amplified three times before use.
Protein Expression and Purification
For the expression of coronin-1, High Five cells (Invitrogen) were infected with 10-15 ml virus per liter of cells at a density of 5 3 10 5 cells/ml in ESF 921 media (Protein Expression, LLC). Cells were incubated at 27ºC for approximately 65 hr. The expression of selenomethionyl (SeMet) coronin-1 was adapted from previously described protocols (Bellizzi et al., 1999) . At 24 hr postinfection, cells were pelleted for 10 min at 1000 3 g, resuspended in methioninefree ESF 921 media, and incubated at 27ºC for 4 hr. Finally, cells were repelleted and incubated for approximately 40 hr in methionine-free ESF 921 media supplemented with 50 mg/l selenomethionine. Cells were pelleted for 20 min at 3000 3 g and were stored at 220ºC.
Cells were lysed with two freeze-thaw cycles and resuspended in 50 mM Tris-HCl (pH 8.0), 300 mM NaCl, 10 mM MgCl 2 , 2 mM b-mercaptoethanol, and 0.5% Triton X-100. The lysate was homogenized and subsequently incubated with DNase I for 30 min at 4ºC to digest cellular DNA. Insoluble material was removed by centrifugation at 30,000 3 g for 1 hr. The supernatant was applied to Ni-NTA Superflow resin (Qiagen), which was equilibrated in buffer A (50 mM Tris-HCl [pH 8.0], 300 mM NaCl, and 2 mM b-mercaptoethanol). The resin was washed with buffer A, and protein was eluted with buffer A plus 250 mM imidazole. The His 6 tag fusion tag was removed with thrombin during dialysis overnight into buffer A. Protein was passed over a second Ni-NTA column to bind the fusion tag and any uncleaved sample; the column was washed with buffer A plus 30 mM imidazole to remove nonspecifically bound coronin-1. The protein samples were concentrated and applied to a Superdex S-75 gel filtration column, which was equilibrated in buffer B (30 mM Tris [pH 8.0], 300 mM NaCl, and 5 mM b-mercaptoethanol). Fractions containing coronin-1 were concentrated to 10-14 mg/ml and were stored at 4ºC. SeMet-coronin was purified by using the same protocol for unlabeled protein, except that the concentration of b-mercaptoethanol was doubled during purification.
Crystallization and Structure Solution
Two crystal forms of mouse coronin were identified in space groups P2 1 2 1 2 1 and P2 1 . The P2 1 crystal form was obtained from 200 mM magnesium acetate, 100 mM sodium cacodylate (pH 6.5), 20% PEG 8000 or 200 mM ammonium acetate, 100 mM Bis-Tris (pH 5.5), and 25% PEG 3350. A complete data set was collected in-house on crystals grown in the latter condition (Table 1) . The P2 1 2 1 2 1 crystals were obtained by using a well solution composed of 150 mM potassium bromide and 30% PEG monomethyl ether 2000. For the selenomethionyl-labeled crystals, potassium chloride was substituted for potassium bromide, and the quality of these crystals was improved by the addition of approximately 5 mM TCEP to the well solution. The P2 1 2 1 2 1 crystals appeared after a few days and continued to grow as large clusters for 2-3 weeks. These clusters had to be carefully broken into smaller pieces to obtain usable single crystals. All crystal forms were grown at 19ºC in sitting drops with 2 ml concentrated coronin and 2 ml of the appropriate well solution. For cryoprotection, crystals were transferred to a solution consisting of 80% well solution and 20% glycerol and were incubated for a few minutes prior to flash freezing in liquid nitrogen.
Data were collected near the selenium edge on a single SeMetcoronin-1 crystal at beamline 5.0.2 at the Advanced Light Source (Berkeley, CA) and were processed with HKL2000 (Otwinowski and Minor, 1997) . Crystals in space group P2 1 2 1 2 1 contained one molecule per asymmetric unit, and the structure was solved by multiwavelength anomalous dispersion (MAD). All seven ordered selenium sites were located and refined with autoSHARP (Bricogne et al., 2003) . The data were of sufficient quality for autoSHARP to automatically build and refine a nearly complete structure of coronin-1 by using ARP/wARP (Perrakis et al., 1999) . Additional rounds of model building were completed by manual inspection with XtalView (McRee, 1999) , followed by refinement with Refmac (Murshudov et al., 1997) . Several cysteine residues showed strong evidence of oxidation in the electron density maps, including the presence of four sulfenic acid residues and one disulfide between Cys51 and b-mercaptoethanol. Crystals in space group P2 1 were solved by molecular replacement with AMoRe (Navaza, 1994) by using the refined coordinates of the P2 1 2 1 2 1 crystal form as a search model.
Supplemental Data
Supplemental Data including Figures S1 and S2 are available at http://www.structure.org/cgi/content/full/14/1/87/DC1/.
